abstract Glial-restricted precursor (GRP) cells, the earliest glial progenitors for both astrocytes and oligodendrocytes, have been derived from embryos and embryonic stem cells (ESC) in rodents. However, knowledge regarding the equivalent cell type in primates is limited due to restrictions imposed by ethics and resources. Here we report successful derivation and characterization of primate GRP cells from rhesus monkey ESC. The purified monkey GRP cells were A 2 B 5 -positive and FGF2-dependent for survival and proliferation. The differentiation assays indicated that they were tri-potential in vitro and bi-potential in vivo. These newly purified GRP cells will help to facilitate understanding of the molecular mechanism of glial development in primates as well as provide a source of therapeutic donor cells for use in neuroregenerative medicine.
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introduction
Neurons and glia originate from neuroepithelial stem/progenitor cells in the developing central nervous system [1] . The precise ancestor of both astrocytes and oligodendrocytes was unknown until tripotential glial-restricted precursor (GRP) cells were isolated from the developing central nervous system and embryonic stem cells (ESC) in rodents [2] [3] [4] . These GRP cells are capable of differentiating into astrocytes and oligodendrocytes both in vitro and in vivo [5, 6] . They can even promote functional recovery after spinal cord injury [7] [8] [9] [10] . The equivalent cells in primates are less well characterized largely due to restrictions imposed by ethics and resources. Still less is understood about human GRP cells of which the only example so far isolated are A 2 B 5 -positive glial precursors derived from cryopreserved human fetal brain progenitors or gliomas [11, 12] .
ESC provide a good model by which to study cell differentiation because of their ability to differentiate into all derivatives of the three embryonic germ layers that constitute the body [13] [14] [15] . Multiple types of neural lineage cells have been derived from ESC [16] [17] [18] .
Unfortunately, the GRP cells had only been successfully derived from mouse ESC [4] . Thus, differentiation of rhesus ESC into GRP cells provides an alternative and superior method to study primate GRP because the rhesus monkey is more closely related both genetically and physiologically to humans [19] . ES cell culture, embryoid body (EB) formation and differentiation
The procedures for culture of rESC R366.4 and EB making were described previously [18] .
To induce glial precursor (GP) differentiation GRP cell culture 
GRP differentiation in vitro and in vivo
In order to demonstrate differentiation of GRP cells in vitro, cells at a density of 2.5 x 10 3 cells/cm 2 were plated onto 0.002% PLO-coated dishes and cultured in the appropriate media (Table 1) for one or two weeks. The cells were then fixed by 4% paraformaldehyde (PFA, Sigma-Aldrich)
and immunocytochemistry was performed.
To undertake the differentiation assay in vivo, Table 3 . PCR products were electrophoresed through a 2.0% agarose gel (Invitrogen) and stained with 0.1 μg/ml of ethidium bromide.
Statistical analysis
The results are presented as means ± standard deviation (SD). Statistical analysis was performed using the one-way analysis of variance (ANOVA) with statistical significance defined as P < 0.05.
results

Direct differentiation of rESC into early glial progenitors (GP)
Using an efficient and reproducible system based on previously described [20] . Characterization of the bipolar fibroblast-like cells showed that they expressed vimentin (Fig. 1E) , a marker of ectoderm and radial glia. Further testing also indicated they were PDGFRα + by immunostaining (Fig. 1F) . Interestingly, some fibroblast-like cells started to express the glial progenitor marker A 2 B 5 ( Fig. 1F) , implying these cells are early GP.
Purification and characterization of GRP cells
As PDGFRα and A 2 B 5 are typically expressed in GRP cells [3, 6] , the early vimentin + /PDGFRα + GP cells (Fig. 1E, F) were chosen for further expansion. After screening for two passages, nearly all cells had glial progenitor morphology, as described previously [3, 21] , being bipolar (or tripolar) (Fig. 2B, C ) and forming gliospheres ( Fig. 2A) . They expressed glial progenitor markers A 2 B 5 , PDGFRα (Fig. 2B) , and vimentin ( Fig. 2C) but not astroglial (CD44, GFAP) or oligodendroglial (O4, myelin basic protein, MBP) markers. Neither NSC markers nor neuronal markers (Fig. 2D , E) were expressed in these purified cells.
The proliferation competence assay was performed to determine their mitogen by using BrdU and Ki67. The results revealed that the purified GP were proliferative ( 
Differentiation of GRP cells in vitro and in vivo
When the isolated GRP cells were induced to differentiate under appropriate conditions in vitro for one or two weeks (Table 1) (Fig. 3D) . Therefore, the purified GRP cells from rESC were tripotential in vitro.
To further investigate their differentiation ability in vivo, PHK-26 or GFP-labeled GRP cells were transplanted into the LV of SD rats.
The results showed that transplanted GRP cells successfully migrated 1083.8 ± 84.4 μm away from the injection site and integrated into the ventricular/subventricular zone of host rat brains (Fig. 3E-H) . Furthermore, 49.0 ± 13.3% of the transplanted GRP cells turned into oligodendrocytes (MBP + ) (Fig. 3F, G ) and 47.6 ± 6.4% of them into astrocytes (GFAP + ) (Fig. 3E ).
Neurons (MAP2 + or Tuj1 + ) were not detected (Fig. 3H) . Additionally, no tumor was observed among all the host brain sections. Hence, rhesus GRP cells were bipotential in vivo.
Discussion
To the best of our knowledge, the present (Fig. 3) .
Transplantation in SD rats also showed their astrogenesis and oligodendrogenesis in vivo (Fig. 3) , fulfilling a major criterion used to distinguish GRP cells from OP [5, 6] . Recently, much progress has been made regarding the application of mouse GRP cells or their derivatives in cell replacement therapies [5] [6] [7] [8] [9] [10] .
Most strikingly, Hu et al. showed that GRP cells could promote functional recovery after spinal cord injury [9] . Our purified monkey GRP cells are worthy of undergoing further testing in applications such as curing spinal cord injury in primate models.
Using the multi-step EB differentiation system, we observed three different neural progenitor populations, as already described by Kuo et al. [20] . We further purified and characterized GRP cells from peripheral migratory fibroblast-like cells (Fig. 1D-F [3, 4, 6, 11, 12] , indicates that they were not daughter cells of neural crest stem (NCS) cells, which could exist at the periphery of neural rosettes when ESC were induced to neural lineage differentiation [24] . The absence of Sox10 (Fig. 2E) , a marker typically expressed by NCS cells further confirms their non-NCS identity [25] . 
